Relation of diabetes mellitus (DM) to the various stages of corneal nerve fiber damage is well accepted. A possible association between changes in the cornea of diabetic patients and diabetic retinopathy (DR), DM duration, and age at the time of DM diagnosis were evaluated.
Introduction
Diabetes mellitus is a metabolic disease of great interest to clinicians and researchers due to its associated complications (Gubitosi-Klug 2014, Threatt et al. 2013 , Lutty 2013 .
In vivo corneal confocal microscopy is a novel diagnostic technique that provides noninvasive optical sections of corneal tissue and allows high-magnification imaging of different corneal layers including nerve fibers , De Cilla et al. 2009 . Studies conducted over the past decade have sought to exploit this method for assessing nerve damage. Studies in diabetic patients have shown a decrease in corneal nerve fibers density, length, number of nerve branches, number of cross points, and an increase of nerve fiber tortuosity in diabetic patients. The changes correlated with the presence or absence of diabetic neuropathy (Jiang et al. 2016 , Pritchard et al. 2014 , Ahmed et al. 2012 , Tavakoli et al. 2013 , Papanas and Ziegler 2015 . A possible correlation between corneal nerve fiber damage and the presence of retinopathy has also been tested in diabetic patients and more severe damage was proved in patients with retinopathy (De Cilla et al. 2009 , Nitoda et al. 2012 , Zhivov et al. 2013 , Messmer et al. 2010 ). Few authors have studied possible correlations between the mentioned corneal changes and the degree of diabetic retinopathy (DR).
Other studies have also looked at changes in cell density, between diabetic patients and healthy individuals, within different corneal layers. Diabetic keratopathy has been shown to be associated with a thinner epithelium, decreased basal epithelial and endothelial cell density, and decreased density of keratocytes (Rosenberg et al. 2000 , Quadrado et al. 2006 , Szalai et al. 2016 , Dehghani et al. 2016 .
We tested the differences in epithelial, stromal, and endothelial cell density, and corneal nerve fiber damage between a group of patients with type 1 diabetes (DM1) and a group of healthy individuals. We also tested possible associations between changes in diabetic patients and the degree of diabetic retinopathy (DR), DM duration, and age at the time of DM1 diagnosis.
Materials and Methods

Study Subjects
The prospective observational study included 60 patients with diabetes mellitus type 1 (29 male/31 female) and 20 age-matched control subjects (9 male, 11 female). Patients were recruited from the Department of Ophthalmology for children and adults, Second Faculty of Medicine, Charles University, and Motol University Hospital. Consecutive patients who met the criteria and agreed to cooperate were included in the study. All the patients were sent to our ophthalmology department for regular control and screening for diabetic retinopathy by their diabetologist. The data about the diagnosis statement, the age at diagnosis, and HbA1c values were taken from their medical chart. The last HbA1c value was recorded. Volunteers without history of diabetes (mostly from the staff of the clinic) were taken as control subjects.
Subjects were excluded if they wore or had previously worn contact lens, had a history of chronic topical medication, corneal disease, glaucoma, active or chronic anterior segment disease, or suffered from any systemic disease, other than diabetes, known to affect corneal subbasal innervation. Also, the patients who had recieved intraocular surgery or laser treatments were excluded.
Informed consent was obtained from each patient after an explanation of the nature and possible consequences of the study. The study was approved by the Motol University Hospital Ethics Committee. The study protocol followed the tenets of the Declaration of Helsinki for research involving human participants.
Evaluation of retinal status
The diabetic patients were subdivided, based on a fundus examination (using biomicroscopy and fundus photography) and need of therapy intervention, into three groups: (1) without retinopathy, (2) mild retinopathy, and (3) severe retinopathy. Patients with no signs of retinopathy were included in the "no DR" group, patients with mild or moderate nonproliferative retinopathy (NPDR), according to the Early Treatment of Diabetic Retinopathy Study (ETDRS) (Wilkinson et al. 2003 , Utsunomiya et al. 2015 were assigned to the "mild DR" group, and patients with severe NPDR or proliferative retinopathy (PDR) were placed in the "severe DR" group.
In vivo Corneal Confocal Microscopy
In vivo confocal microscopy (IVCM) images of the cornea were obtained from all participants. Topical anesthesia (oxybuprocaine hydrochloride 0.4%) was used before IVCM examinations. A corneal confocal microscope (scanning slit corneal microscope (SSCM), Confoscan 3.0, NIDEK Technologies, Italy), equipped with a non-applanating 40x immersion objective lens, designed for full-thickness examination of the cornea, with a working distance of 1.92 mm (Achroplan, Zeiss, Oberkochen, Germany), was used to scan the central corneal region. Prior to use, the objective lens of the confocal microscope was disinfected (isopropyl alcohol 70% vol/vol, swabs), and one drop of viscous isotonic gel (Vidisic gel, Bausch and Lomb) was applied to the tip of the lens. Images of the patient's central cornea in full thickness, starting at the endothelium layer, were recorded. The image interval was set to 5 µm. The automatic or semi-automatic scanning mode was used. During scanning, typically at least two scanning cycles were performed, and at least 700 images of the cornea of each eye were captured and both eyes were scanned.
Analysis of Corneal Images
The cell density of (1) Manual identification of nerve fibers and branching, and manual tracing of nerve fibers were used. Customize image analysis software (NIS-Elements, Laboratory Imaging, Czech Republic) was used for nerve fiber analysis. Since the Confoscan 3 produces images with blurred edges, these were removed and only the well-focused central area of 0.1 mm 2 was used for nerve fiber assessment. Four of the most representative images (two from each eye with the best captured nerve fibers) (Smith et al. 2013) were selected for nerve fiber measurements, and the values of the total nerve fiber length (NFL, in mm per mm 2 ), density (number) of main nerves fibers (NFD, per mm 2 ), density of all nerve fibers (t-NFD, per mm 2 ), dimensionless index) were determined. To avoid a subjective evaluation of nerve fiber tortuosity, the methods suggested by Heneghan et al., for retinal vessels, were used to determine nerve fiber tortuosity. This was done by calculating the ratio of the shortest distance between nerve fiber ends and the real length of the fiber (Heneghan et al. 2002) .
All the images were evaluated by one investigator (GM), without the investigator knowing the identity of the patient.
Statistical Analysis
Comparisons of age, DM1 duration, and HbA1c between groups of subjects were performed by a classic one-way ANOVA. Effects of age, DM1 duration, HbA1c, DM1 status, and DR group were estimated and tested using (generalized estimating equation) GEE models, where two or four measurements, of a given outcome, on both eyes of a single subject were treated as a multivariate observation. GEE models were fitted with a working independence structure and sandwich estimators were used to adjust variance to correlated outcomes. Reported pvalues and confidence intervals were obtained using Wald-type statistics. The first, unadjusted univariate models were fit using the whole sample (n = 80), with linear age, DM1 status, and DR group (nested within DM1 patients) included separately as individual predictors. Next, adjusted models were fit using DM1 patients (n = 60) with age at DM1 diagnosis, duration of DM1, HbA1c, and DR group included concurrently and adjusted for each other. Library 'gee' in the statistical package R 3.3.0 was used to conduct the analyses.
Results
The clinical and demographic characteristics of the groups are presented in Table 1 . The mean age of the subjects did not differ between the groups (p = 0.36). The duration of DM was significantly longer in patients with severe diabetic retinopathy (mean 24.0 years) and mild retinopathy (mean 20.4 years) compared to patients without retinopathy (mean 13.5 years; pvalue for difference = 0.0004). HbA1c did not differ between the three groups of diabetic patients (p = 0.83). The cell densities of the individual corneal layers are presented in Table 2 .
Densities of corneal cells all changed with age ( patients, these age effects were mainly driven by age at DM1 diagnosis and did not depend on the duration of the disease (Table 4) . After the DM1 diagnosis was established, the association of age with basal epithelial cell density becomes negligible and the associations of age with other cell densities weaken and became non-significant. None of these cell densities were associated with DM status except anterior stroma cell density, which was lower by 92 cells/mm 2 in DM1 subjects than in healthy controls (95% CI for the difference 23-161 cells/mm 2 ; p = 0.009). The largest decrease in anterior stroma cell density was observed among DM1 patients with no diabetic retinopathy (122 cells/mm 2 lower than in healthy controls, 95% CI 32-213 cells/mm 2 ; p = 0.008). There was no association between the density of the cells in a particular corneal layer and HbA1c or the degree of diabetic retinopathy (Table 4) .
Characteristics of subbasal nerve fiber parameters are presented in Table 2 . We found no associations between age and NFD, t-NFD, NBD, NFL, or NFT (Table 3) . The NFD, t-NFD, NBD and NFL were all significantly lower in DM1 patients than in controls (p ˂ 0.0001, Table 3 ) and seemed to further decrease with the degree of DR. Among DM1 patients, the NFD, t-NFD, NBD, and NFL did not differ between "no DR" and "mild DR" but were significantly lower in "severe DR" compared to "no DR" (p = 0.0012, p = 0.0010, p = 0.0194, p = 0.0079, resp., Table 4 , Figure 1 ).
NFT was higher in "mild DR" and "severe DR" than in controls (p = 0.0077, p = 0.0024, resp., Table 3 ). Among DM1 patients, NFT was higher in "mild DR" and "severe DR" compared to "no DR" (p = 0.0394, p = 0.0155, resp., Table 4 ). DM1 patients with higher ages at the time of DM1 diagnosis had higher NFDs compared to DM1 patients of the same age and degree of DR who had an earlier diagnosis (p = 0.0021). A similar situation was seen with regard to NFL (p = 0.0540, Table 4 ). There were no associations between nerve fiber parameters and HbA1c or the duration of DM1 (Table 4) .
Discussion
Diabetes mellitus is a chronic systemic disorder. Its association with the different stages of keratopathy is well accepted and estimated to developed in up to two-thirds of patients (Shih et al. 2017 , Threatt et al. 2013 We found that the density of basal epithelial cells increased with age. Previous studies failed to find a significant correlation between basal epithelial cell density and age (Gambato et al. 2015 , Niederer et al. 2007 , Vanathi et al. 2003 , although there was a trend in a study by Niederer (Niederer et al. 2007 ) and Vantahi (Vanathi et al. 2003) . However, according to our results, the association with age disappeared after the DM1 diagnosis was established, which may indicate the opposite influence of DM1 on epithelial cell density.
Although we did not find differences in epithelial cell density in DM1 patients compared to healthy controls, some of the previous studies found a decrease of basal epithelial cell density in DM patients (Dehghani et al. 2016 , Bitirgen et al. 2014 , Quadrado et al. 2006 , although, most of them studied type 2 diabetic patients. From an etiopathogenetic point of view, diabetes mellitus type 1 is a fundamentally different disease than diabetes type 2.
Additionally, the average age of the groups studied was higher (about 60 years of age), which could explain why we failed to find a significant difference between basal epithelial cell density of DM1 patients and controls, although the effect of DM1 relative to a diminished age effect was apparent (see above). signaling pathway. However, in some studies the increase in IGFBP3 was not found to be significant in DM1 patients, possibly due to the confounding effects associated with insulin treatment (Song et al. 2016 , Wu et al. 2012 . It was recently shown that treatment with insulin restores the circadian rhythm of dividing corneal epithelial cells in diabetic mice (Song et al. 2016) . Insulin treatment may be another reason why we did not observed a decrease in basal epithelial cell density in diabetic patients compared to healthy subjects (Klocek et al. 2009 ).
Results regarding the effect of DM on keratocyte density are inconsistent. Some authors have found no difference in the keratocyte density between DM 2 or DM1 and control subjects (Quadrado et al. 2006 , Dehghani et al. 2016 . Szalai et al. (Szalai et al. 2016) found a higher keratocyte density in patients with DM1 without diabetic retinopathy compared to the controls. We found lower keratocyte density in the anterior stroma of diabetic patients (most expressed in the "no DR" group) compared to control subjects, with no differences in posterior stroma keratocyte density in diabetic patients compared to healthy subjects. Our results are in accordance with a recent study by Bitirgen (Bitirgen et al. 2014) , who also found a decreased density of keratocytes in the anterior stroma in DM 2 patients, but no difference in keratocyte density in the posterior stroma relative to control subjects. However, unlike their results, we found the highest decrease in anterior keratocyte density in DM1 patients with no DR. However, the mean age of the patients with no DR was the highest. In accordance with previous studies (Dehghani et al. 2016 , Gambato et al. 2015 , Niederer et al. 2007 , both the anterior and posterior stroma cell density decreased with age. Thus, the lower keratocyte density within the no DR group may represent bias, only. Again, after the DM1 diagnosis was established, the association with age weaken. Thus, this may again suggest that DM1 (and/or insulin treatment) has some effect on the regulation of these cells.
Studies have demonstrated that diabetic patients have altered endothelial barrier function, greater polymegathism and pleiomorphism of endothelial cells, and lower endothelial cell density relative to age-matched healthy controls (Inoue et al. 2002 , Calvo-Maroto et al. 2015 , Sudhir et al. 2012 , Szalai et al. 2016 . Others have found lower endothelial cell density only in patients with type II diabetes and proliferative diabetic retinopathy (Bitirgen et al. 2014 ).
An association between HbA1c and grade of DR has also been found (Sudhir et al. 2012 , Modis et al. 2010 . In this study we confirmed the well-known effect of age on endothelial cells density (Gambato et al. 2015 , Niederer et al. 2007 ), but we did not find any difference in endothelial cell density in DM1 patients compared to healthy subjects. However, the effect of age on endothelial cell density seemed to weaken after a diabetes diagnosis was established, the same was seen for keratocyte density. Thus, this effect should be further evaluated in future studies.
We did not find any connection between diabetes duration, HbA1c values, and diabetic retinopathy status and cell density of any particular corneal layer.
Several studies have shown that diabetes mellitus effects the status of corneal subbasal nerve fibers (Papanas and Ziegler 2015, Jiang et al. 2016) . However, comparing results from different studies is complicated because of differences in methodology as well as the use of different corneal confocal microscopy devices. Values obtained using different types of devices are not directly comparable and the mean value of NFD and NFL can vary (Erie et al. 2008 , Szaflik et al, 2007 . Generally, NFD values (usually defined as the density of main nerve fibers) are higher when using the slit scanning microscopy system (SSCM) compared to the laser scanning microscopy system (LSCM) .
The lower resolution of SSCM may explain the difficulty in recognizing the main fibers and, as such, explain the overestimation. We also evaluated the total number of nerve fibers but it did not appear to provide any useful information. In contrast to NFD, NFL values are often lower when using the SSCM (Tavakoli et al. 2012 , Jiang et al. 2016 .
There is disagreement regarding the effect of age on corneal nerve density (Oliveira-Soto and Efron 2001 , Erie et al. 2005 ). We did not find any effect of age on nerve fiber status in our study. However, in our study the patients were young adults between 22-49 years of age. According to earlier studies, significant corneal nerve density reduction occured at elderly ages mainly (70 years or older) (He et al. 2010 , Reichard et al. 2014 . This fact explains our results.
As seen in previous studies, we observed that decreased NFD, t-NFD, NBD and NFL in diabetic patients (both with and without DR) compared with healthy subjects (Tavakoli et al. 2012 , Messmer et al. 2010 , Tavakoli et al. 2010 , Chang et al. 2006 , Papanas and Ziegler 2015 . Additionally, we demonstrated that damage to nerve fibers was more pronounced in patients with severe DR than in patients without DR.
NFT (the degree of twistedness of corneal nerves) has been widely tested to describe changes in corneal subbasal nerves. Unfortunately, there is no standard definition for tortuosity and no unified approach for its evaluation (Lagali et al. 2015) . We used a method described by Heneghan et al. that was used for evaluation of retinal vessels tortuosity (Heneghan et al. 2002) . In agreement with previous studies, we found higher NFT in DM1 patients compared to healthy controls. Previous studies have demonstrated a possible correlation between NFT and DR (Chang et al. 2006 , Lagali et al. 2015 , Nitoda et al. 2012 . We found that tortuosity increased with the degree of DR.
DN (as well as DR) is no longer regarded as a purely vascular pathology. Instead, there is strong evidence that diabetes causes apoptosis of both neural and vascular elements. Thus, there is good reason to define diabetic neuropathy and retinopathy as a form of chronic neurovascular degeneration (Barber et al. 2011 , Zochodne 2015 , Shih et al. 2017 . From this point of view, the association between subbasal nerve fiber damage and degree of DR observed in our study was not surprising. Also, common problems with compensation and compliance in young individuals during puberty may contribute to more profound damage.
The main limitation of our study was the low resolution of the SSCM device. The LSCM system is used most often today, because the axial resolution is better using the LSCM (Villani et al. 2014) . However, our results are in accordance with previous SSCM studies (Tavakoli et al. 2012 , Wang EF et al. 2015 . We also showed the effect of DM on subbasal nerve fibers, which were in accordance with the results coming from LSCM studies, although the absolute values of the parameters differed.
During the past ten years many studies have documented the potential benefits of corneal confocal microscopy for describing changes to corneal cells and nerves, in many diseases. This is especially true when monitoring changes in diabetic patients. This non-invasive and easy-to-implement method can not only help in making a clinical diagnosis and monitoring the effect of therapy, it can also bring provide important information needed to explain the pathogenetic mechanisms associated with the well-documented changes that lead to damage. 
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